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We measured the Josephson radiation emitted by an InSb semiconductor nanowire junction utiliz-
ing photon assisted quasiparticle tunneling in an AC-coupled superconducting tunnel junction. We
quantify the action of the local microwave environment by evaluating the frequency dependence of
the inelastic Cooper-pair tunneling of the nanowire junction and find the zero frequency impedance
Z(0) = 492 Ω with a cutoff frequency of f0 = 33.1GHz. We extract a circuit coupling efficiency
of η ≈ 0.1 and a detector quantum efficiency approaching unity in the high frequency limit. In
addition to the Josephson radiation, we identify a shot-noise contribution with a Fano factor F ≈ 1,
consistently with the presence of single electron states in the nanowire channel.
The tunneling of Cooper pairs through a junction be-
tween two superconducting condensates gives rise to a
dissipationless current [1] with a maximum amplitude of
the critical current, Ic [2]. Upon applying a finite volt-
age bias V , the junction becomes an oscillating current
source
Is(t) = Ic sin(2pift), (1)
with a frequency set by hf = 2eV where h is the Planck
constant and e is the electron charge.
The Josephson radiation, defined by Eq. (1) has mostly
been investigated for superconducting tunnel junctions
[3–5], metallic Cooper-pair transistors [6] and in circuit
QED geometries [7, 8]. Recently, it has also been pro-
posed as a probe for topological superconductivity [9–11],
which requires gateable semiconductor Josephson junc-
tions [12].
In contrast to superconductor-insulator-
superconductor (SIS) junctions, Josephson junctions
with a semiconductor channel feature conductive modes
of finite transmission probabilities [13, 14], leading to
deviations from a sinusoidal current-phase relationship
[15] and the universal ratio of the critical current
and the normal-state conductance [2]. Furthermore,
soft-gap effects [16] have been shown to result in excess
quasiparticle current for subgap bias voltages, limiting
prospective applications such as topological circuits [17]
and gate-controlled transmon qubits [18].
Here we investigate the high-frequency radiation signa-
tures of a voltage-biased semiconductor Josephson junc-
tion [12] by directly measuring the frequency-resolved
spectral density. As a frequency-sensitive detector, we
utilize a SIS junction, where the photon-assisted tunnel-
ing current [5] is determined by the spectral density of
the coupled microwave radiation [19]. In addition to the
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FIG. 1. (Color online) (a) Photon emission due to the inelas-
tic Cooper-pair tunneling between condensate levels shifted
by the bias voltage, VNW. (b) The microwave equivalent cir-
cuit of the measurement setup, where R and C in the blue
dashed box represent the microwave losses and stray capaci-
tance, yielding a 2pif0 = (RC)−1 upper cutoff frequency. The
Cc  C coupling capacitors have a negligible effect above a
frequency of 2pifc = (RCc)−1 with fc  f0, but allow for the
application of independent DC bias voltages VNW and Vdet.
The INW(VNW) and Idet(Vdet) characteristics are measured
through the Pt feedline resistors, depicted by R1 and R2, re-
spectively. (c) Photon-assisted quasiparticle tunneling for a
detector voltage bias Vdet and an incoming photon energy of
hf . (d) False colored scanning electron micrograph of the
nanowire Josephson junction contacted with NbTiN after be-
ing placed on three electrostatic gates. (e) Bright field optical
image of the coupling circuitry before the NbTiN deposition
step with the nanowire junction (green box) and the detector
junction (red box). (f) False colored micrograph of the detec-
tor split junction with an applied magnetic flux Φ. The scale
bars depict 1µm (d), 20µm (e) and 0.5µm (f), respectively.
detection of the monochromatic Josephson radiation, we
demonstrate the presence of a broadband contribution,
attributed to the shot noise of the nanowire junction
[20], similarly to earlier experiments on carbon nanotube
quantum dots [21, 22].
Our setup follows the geometry of earlier experiments
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2utilizing SIS junctions [5]. In contrast, our microwave ra-
diation source is an InSb nanowire (NW) [23] Josephson
junction (Fig. 1d) with a channel length of 100 nm. The
junction leads (in brown in Fig. 1d) are created by remov-
ing the surface oxides by Ar ion milling and then in-situ
sputtering of NbTiN superconducting alloy. Owing to
the highly transparent contacts, this procedure enables
induced superconductivity in the semiconductor channel
[17, 18]. A predefined gate structure (purple regions in
Fig. 1d) provides electrostatic control of the semiconduc-
tor channel and is covered by sputtering a 20 nm thick
SiNx dielectric layer.
The I(V ) characteristics of the two junctions are mea-
sured in a standard four point probe geometry via highly
resistive Pt feedlines effectively decoupling the on-chip
elements (Fig. 1) thermally anchored at 20mK from the
measurement setup. In order to gain access to a wider
VNW range, we use R1 = 1 kΩ in the nanowire biasing
lines and R2 = 6 kΩ in the voltage measurement leads
(see Fig. 1b).
The detector SIS split junction is shown in Fig. 1f and
is fabricated using standard shadow evaporation tech-
niques [24]. The typical normal state resistance was
measured to be 20 kΩ for a nominal junction area of
100× 100 nm2. The bottom and top Al layer thicknesses
are 9 and 11 nm, respectively. The split junction geom-
etry enables the flux control of the total Josephson cou-
pling of the detector. To measure the quasiparticle tun-
neling response, we set Φ = Φ0/2, with Φ0 = h/2e the
flux quantum, to minimize the Josephson coupling. We
note that the minimal detector critical current is negligi-
ble compared to that of the nanowire junction. Finally,
we utilize two parallel plate capacitors of Cc ≈ 400 fF
with sputtered SiNx dielectric which couple the nanowire
junction to the detector in the frequencies of interest
(Fig. 1e), yet enable independent voltage biasing and cur-
rent measurements in the DC domain.
The mesoscopic noise source under consideration is
characterized by its current noise density, SI(f) [20],
which results in the voltage noise density SV (f) =
SI(f)|Z(f)|2, where Z(f) is the complex frequency-
dependent impedance of the coupling circuit. In Fig. 1b,
we depict a parallel RC network resulting in Z(f) =
R(1−jf/f0)/(1+f2/f20 ) with 2pif0 = (RC)−1 in the limit
of negligible detector admittance, r−1det = dIdet/dVdet 
R−1.
We deduce the voltage noise density SV (f) starting
from the equation for the photon-assisted current in the
SIS detector [5, 25]:
IPAT(Vdet) =
∞∫
0
SV (f)
(
e
hf
)2
IQP,0
(
Vdet +
hf
e
)
df ,
(2)
which describes the DC current contribution at an ap-
plied voltage Vdet < 2∆. Crucially, this equation holds if
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FIG. 2. (Color online) (a) Measured photon-assisted quasi-
particle current IPAT as a function of the detector bias volt-
age Vdet and nanowire bias voltage VNW. The orange dots
denote the extracted frequency on the upper axis for a given
VNW. The solid black line is the best linear fit with f/VNW =
475MHz/µV. (b) Horizontal line traces at different VNW val-
ues. The inset shows the full Idet,0(Vdet) characteristics of the
detector when the Josephson radiation is absent. Note the
difference in the current scale. The applied flux Φ = Φ0/2
through the split junction results in a suppressed detector su-
percurrent branch which minimizes its Josephson radiation.
The arrow depicts 2∆/e = 480µV, the onset of the quasipar-
ticle current.
the quasiparticle current in the absence of radiation has
a well-defined onset, IQP,0(Vdet < 2∆) = 0 [5] and in the
limit of weak coupling, where multiphoton processes do
not contribute to the quasiparticle current [19]. In addi-
tion, a detector with a sharp quasiparticle current onset
can reach the quantum limit [25] where each absorbed
photon results in the tunneling of one quasiparticle.
In the presence of a monochromatic radiation, where
SV (f) ∼ δ(f − F), Eq. (2) describes the shift of the ini-
tial IQP,0(Vdet) quasiparticle current by δVdet = hF/e.
This is the case of the Josephson radiation [5] with
SI(f) =
I2c
4 δ(f − F), where hF = 2eVNW with VNW the
applied voltage bias on the emitter junction with a crit-
ical current Ic. On the other hand, the nonsymmetrized
quasiparticle shot noise is characterized by SI = eIF
in the zero frequency and zero temperature limit with I
being the applied current. The Fano factor, F is charac-
teristic to the mesoscopic details of the junction [20].
Note that Eq. (2) can be handled as a convolution
of SV (f)/(hf)2 and IQP,0(Vdet). However, the inverse
problem leading to SV (f) is unstable due to the noise
in the experimental data. To this end, we use Tikhonov
regularization [26] to extract the noise density measured
by the detector (see [27] for details). It is to be noted
that the measured Idet,0 (see inset of the Fig. 2b) ex-
hibits backbending due to the self-heating effects in the
leads of the superconducting tunnel junction, therefore
we used a monotonous IQP,0(Vdet) centered around the
same quasiparticle onset. However, the uncertainity of
IQP,0(Vdet) prevents the determination of the exact line-
shape of SV (f) which could indicate the linewidth of the
Josephson radiation [28].
3We demonstrate the detection of the Josephson radi-
ation in Fig. 2. In panel (a), we plot the PAT current
contribution as a function of the DC bias voltages Vdet
and VNW. In Fig. 2b, we show line traces IPAT(Vdet)
exhibiting well-defined onset values corresponding to
a monochromatic Josephson radiation tuned by VNW.
Thus, we can extract the radiation frequency based on
Eq. (2) (orange dots in Fig. 2a). By evaluating the re-
lation between VNW and the radiation frequency (black
line in Fig. 2a), we find a ratio of 475 ± 4.2MHzµV which
is in reasonable agreement with 2eh ∼ 484MHzµV expected
for the case of Cooper-pair tunneling [29]. The intersect
for f = 0 is set by the quasiparticle current onset to be
2∆/e = 480µV (see inset of Fig. 2b).
The impedance Z(f) of the environment results in a
finite power dissipation I2cRe(Z(f))/2 which gives rise
to a DC current due to inelastic Cooper-pair tunneling
(ICPT) processes in the NW Josephson junction (see
Fig. 1a) [4]. This effect has been first addressed to
calculate the shape of the supercurrent branch in over-
damped SIS junctions and purely resistive environments
[30]. Later, the theory was adapted for high channel
transmissions [31]. It has also been shown that for an ar-
bitrary Z(f)  h/4e2 ≈ 6.5 kΩ, the ICPT contribution
can be evaluated as [4]
IICPT =
I2cRe(Z(f))
2VNW
, (3)
with a critical current Ic and an applied voltage VNW.
Here, the junction effectively probes the real component
of the impedance Z(f) at a frequency f = 2eVNW/h.
In the following, we use a circuit model where the two
independently measured current values IPAT(Vdet) and
IICPT(VNW) depend on the same microwave enviroment,
characterized by Z(f). This model applies provided that
the linear resistance of the nanowire and the impedance
of the detector, rdet, are much higher than the effective
shunt resistance of the circuit, depicted by R in Fig. 1b.
In addition, the lumped element description of Fig. 1b is
valid if the circuit is much smaller than the characteristic
wavelength c/f ∼ 1mm. Our structure, 50µm in size
(see Fig. 1e), fulfills this condition. Note that this is
in contrast to a prior work [8] where the sample and
detector were embedded in a transmission line resonator
and thus the effective impedance values were measured
to be different.
It is important to notice that the PAT current de-
creases with increasing frequency (Fig. 2b). By correct-
ing for the ∼ f−2 dependence in Eq. (2), we find that
the fluctuation amplitude δV = Ic|Z(f)| ∼
√
SV ex-
hibits a characteristic cutoff frequency (Fig. 3a), even
though the current oscillation amplitude of the Joseph-
son junction is constant, see Eq. (1). Thus, we can
attribute this cutoff to the coupling circuit impedance,
Z(f). We find a good agreement between the experimen-
tal data and the impedance of a single-pole RC network
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FIG. 3. (Color online) (a) The measured δV (f) = Ic|Z(f)|
voltage fluctuation on the detector junction. The solid line
depicts the fitted cutoff with f0 = (2piRC)−1 = 33.1GHz.
Right vertical axis shows the impedance |Z(f)|, see text. (b)
Experimental IICPT(VNW) trace of the nanowire junction ex-
hibiting a current peak due to the supercurrent branch. The
linear contribution with a resistance RNW = 14.03 kΩ (green
solid line, see inset for raw INW(VNW) trace) is subtracted.
The blue solid line depicts the fitted curve with Ic = 9.38nA
critical current and a noise temperature T = 132mK. (c) Vari-
ation of the nanowire junction current ∆IICPT as a function
of the detector voltage Vdet. The extracted circuit efficiency
η (d) and the detector quantum efficiency Q (e) as a function
of VNW, see text.
(solid blue line in Fig. 3a) yielding to a cutoff frequency
f0 = (2piRC)
−1 = 33.1GHz.
Next, we turn to the measured I(V ) trace of the
nanowire Josephson junction. The inset of Fig. 3b shows
the raw curve, which exhibits a supercurrent peak around
zero VNW and a linear branch. The latter fits to a lin-
ear slope of RNW = 14.03 kΩ (solid green line). We then
extract the IICPT(VNW) component by subtracting this
slope from the raw measured data (black dots in Fig. 3b),
which is an additive component to the supercurrent peak
unless the device has channels of transmission very close
to unity [31]. In order to find the critical current and
the noise temperature of the junction, we use the finite
temperature solution of Ivanchenko and Zil’bermann [30]
with substituting |Z(f)| as the impedance of the envi-
ronment [27]. With this addition, we find an excellent
agreement with the experimental data (blue solid line in
Fig. 3b), with Ic = 9.38 nA critical current. Notably,
with the now determined value of Ic, we can extract
R = 492 Ω and C = 9.8 fF fully characterizing the mi-
crowave environment of the junctions. In addition, we
find IcRNW = 132µV, which indicates the induced su-
perconducting gap in the nanowire channel. This value is
close to the induced gap values measured earlier in similar
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FIG. 4. (Color online) (a) Measured detector IPAT(Vdet) line
traces at VNW = 65, 95 and 125µV bias voltage from the
bottom to top, respectively. (b) The measured dIPAT/dVNW
(light gray line) and the fitted curves at the top (F = 1.3, red
line) and the bottom (F = 0.8, blue line) of the confidence
interval, respectively.
devices [17, 32]. We also extract an effective noise tem-
perature T = 132mK, which is higher than the substrate
temperature of 20mK, similarly to earlier experiments
[31].
Thus far, we evaluated IICPT(VNW) at Vdet ≈ 50µV
2∆/e = 480µV, where IPAT ≈ 0, thus the detector load is
negligible. However, depending on VNW, we find a neg-
ative ∆IICPT(Vdet), i.e. a reduction of the emitter cur-
rent, when the detector threshold is on resonance with
the emitted frequency (Fig. 3c). We can understand this
effect by the reduction of Z(f) in Eq. (3) in the pres-
ence of a finite rdet in parallel with R. In first order, we
find ∆IICPT/IICPT = −Re(Z(f))/rdet ≈ −R/rdet. By
using the measured DC current values, we evaluate the
efficiency of the coupling circuit to be the ratio of the ab-
sorbed and emitted power η = Pdet/Pemi = 2IPAT/IICPT
(Fig. 3d). We find typical values spanning 0.1−0.2, an or-
der of magnitude improvement over earlier reported val-
ues [5, 33], however η < 1 owing to the resistive losses of
the device. Furthermore, the decrease of η with increas-
ing f is consistent with the low-pass nature of the cou-
pling circuit. We also calculate the detector quantum ef-
ficiency Q = Pdet/∆Pemi = 2IPAT/∆IICPT (Fig. 3e) and
find values scattering around unity. This value directly
measures the ratio of electron and photon rate passing
the detector junction, thus confirming that it is in the
quantum limit [25].
Finally, we note that the measured reduction
∆IICPT/IICPT  1 directly confirms our initial assump-
tion of negligible detector load on the circuit. This proves
that the analysis based on a circuit model with the same
Z(f) for the nanowire junction and the SIS detector is
consistent.
We now turn to the shot-noise contribution to IPAT.
We observe a monotonous increase in IPAT with increas-
ing VNW at any Vdet consistently with the broadband SI
(Fig. 4a). Note that, in contrast with the data shown in
Fig. 2b, here the contribution of the Josephson radiation
is negligible. To quantify the shot-noise contribution, we
consider the derivative of the nonsymmetrized expression
with respect to VNW [34]:
dSI(f)
dVNW
=
F
Rqp
d
dVNW
( hf + eVNW
1− e−β(hf+eVNW)
+
hf − eVNW
1− e−β(hf−eVNW)
)
,
(4)
where β = 1/kBT is the inverse temperature [35].
We can then calculate dIPAT / dVNW by subsituting
dSI(f)/dVNW in place of SI(f) in Eq. (2). Using the ef-
fective temperature T = 132mK extracted earlier we find
a confidence interval of F = 0.8 . . . 1.3 (Fig. 4b). Consid-
ering that the channel length of 100 nm is similar to the
mean free path found earlier in the same nanowires [36],
this result is consistent with ballistic transport which is
dominated by single electron channels of low transmission
where F = 1 [20, 37]. In contrast, F = 1/3 characteristic
of diffusive normal transport [38] does not fit our data.
Furthermore, the measured INW(VNW) and IPAT(VNW)
do not agree with a transport dominated by multiple An-
dreev reflections, where a subgap structure is anticipated
both in the current [39] and in the shot noise [40] depend-
ing on the channel transmissions. Our experiment thus
provides insight into the nature of the charge transport
at finite voltage bias in the nanowire Josephson junc-
tion and concludes that the finite subgap current can be
attributed to single electron states inside the induced su-
perconducting gap.
In conclusion, we built and characterized an on-chip
microwave coupling circuit to measure the microwave
radiation spectrum of an InSb nanowire junction with
NbTiN bulk superconducting leads. Our results clearly
demonstrate the possibility of measuring the frequency of
the Josephson radiation in a wide frequency range, open-
ing new avenues in investigating the 4pi-periodic Joseph-
son effect [41] in the context of topological superconduc-
tivity [42]. Based on the Fano factor, the shot-noise con-
tribution to the measured signal demonstrates the pres-
ence of subgap quasiparticle states and excludes multiple
Andreev reflection as the source of subgap current of the
nanowire Josephson junction.
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